Abstract The mutualistic relationships between certain ant and aphid species are well known, the primary benefits being protection for the aphids and carbohydrate-rich honeydew for the ants. Questions remain, however, as to the exact semiochemical factors that establish and maintain such relationships. In this study, we used a series of treatments and associated controls placed at the end of a two-way olfactometer to determine the degree of attractiveness of a complete plant-aphid-honeydew system as well as individual components of that system. Both the olfactometer branch selected by the black garden ant (Lasius niger) and the linear speed with which ants moved through the device were measured. Study results showed that ants were attracted not just to the complete plant system and the honeydew itself, but also to the microbial flora in the absence of plant or honeydew, and specifically to a bacterium from the black bean aphid (Aphis fabae) honeydew, Staphylococcus xylosus. This bacterium produces a blend of semiochemicals that attract the ant scouts. This information suggests the presence of a naturally occurring, reliable biotic cue for detection of potential aphid partners. This would have to be confirmed in natural conditions by further field experiments. Rather than being opportunistic species that coincidentally colonize a sugarrich environment, microorganisms living in aphid honeydew may be able to alter emissions of volatile organic compounds (VOCs), thus significantly mediating partner attraction. A bacterial involvement in this mutualistic relationship could alter the manner in which these and similar relationships are viewed and evaluated. Future studies into mutualism stability and function among macroscopic partners will likely need for transition from a two-partner perspective to a multiple-partner perspective, and consider the microbial component, with the potential for one or more taxa making significant contributions to the relationship.
Introduction
Food-related mutualisms with ants that are based on sugarrich production by one partner are numerous and diverse, ranging from within-insect cooperation, like many honeydew-producing insects, to inter-kingdom relations, like extrafloral nectaries produced by several plant species (Beattie 1985; Stadler and Dixon 2005) . Aphid-ant interactions have long been considered the paradigm of mutualism and the subject of considerable historical and contemporary research. Small and defenseless, aphids are easy prey for numerous predators and parasitoids. However, some aphid species are frequently found in association with ants that tend and protect the aphids in exchange for honeydew, which is a reliable and abundant carbohydrate source (Bristow 1991; Dixon 1985; Stadler and Dixon 2005) . It has been estimated that myrmecophily, i.e., ants tending, is mandatory for one-third of aphid species, facultative for another third, and never observed for the final third (Stadler 1997) .
In Europe, three ant genera appear to be primarily involved in these mutualistic interactions: Lasius, Myrmica and Formica (Guénard 2007; Stadler and Dixon 1999) . Among mutualistic ant species, the black garden ant, Lasius niger L. (Hymenoptera, Formicidae), is well known to tend several aphid species, including the black bean aphid, Aphis fabae Scopoli (Homoptera, Aphididae) (El-Ziady and Kennedy 1956 ). These two species were selected as model taxa for this research as they are widespread in their natural environment and are frequently used as model species for the study of mutualistic relationships.
Honeydew, excreted in large amounts when aphids feed on the plant phloem sap, is a complex mixture of sugars, organic acids, amino acids and some lipids (Hussain et al. 1974; Leroy et al. 2011b; Mittler 1958) . Its composition varies according to several factors, such as species, physiological state of the host plant, season and aphid endosymbionts (Fischer and Shingleton 2001; Fischer et al. 2002 Fischer et al. , 2005 Leroy et al. 2011b; Woodring et al. 2007) . Phloem sap composition is reflected in honeydew sugars and amino acids, the latter also being produced by endosymbiotic bacteria to palliate the very low and unbalanced concentrations of these compounds in the phloem sap (Douglas 1998; Febvay et al. 1999; Leroy et al. 2011b) .
Excreted and deposited on the host plant or falling onto close surroundings, honeydew constitutes an excellent growth medium for diverse microorganisms, including potential aphid pathogens. Volatile compounds found in honeydew, mainly bacterial in origin, are known to attract aphid enemies such as the hoverfly Episyrphus balteatus (De Geer) (Leroy et al. 2011a) .
Despite the potential negative biotic threats generated by honeydew, its benefits to the aphids include firming the mutualistic relationship with ant species that utilize the stable sugar source (Bristow 1991) , in exchange for diverse services. Ant attendance is known to improve aphid fitness by increasing their reproductive rate and fecundity, extending life span and providing better protection against pathogens and enemies (El-Ziady and Kennedy 1956; Guénard 2007; Stadler et al. 2001; Way 1963) . Therefore, while honeydew volatiles may attract aphid enemies, the compounds may also attract the species that benefit the aphids. Little is known about the specific role or magnitude of the beneficial contribution of the volatile chemical component to the mutualistic relationship. This paper describes the results of a study designed to investigate the role of these compounds in the attraction of potential ant partners and the origins of those relationships.
Materials and methods

Plants and insects
In a climate-controlled room (16 h light/8 h dark photoperiod; 20 ± 2°C), black bean aphids, A. fabae (Scopoli), were reared for several generations on broad beans, Vicia faba L., cultivated on a 1/1 mix of perlite and vermiculite substrate. Plants used in experiments measured around 15 cm high. All substrates used in behavioral assays were previously sterilized. Lasius niger (Linne) colonies were collected in the region surrounding Gembloux (Belgium) and kept under the same climatic conditions, but in separate chambers. Nests were placed in plastic containers coated with polytetrafluoroethylene (Fluon Ò , Whitford, UK) to prevent escape. Test tubes covered with a red transparent foil were used as laboratory rearing nests; a water and aqueous brown sugar solution (342 g/L) was provided in excess, and dead insects (fruit flies and mealworms) were provided weekly as an additional food source. All nests used in the bioassays were comprised of a queen, brood, and a minimum of 500 foragers.
Identification of the honeydew volatile compounds
The composition of the volatile organic compounds (VOCs) was determined using 250-lL glass inserts and solid-phase microextraction (SPME, 10-mm fiber with a 50/30 lm carboxen-divinylbenzene-polydimethylsiloxane coating-Supelco). The material analyzed was A. fabae honeydew (10 lL), dripping from aphid-infested V. faba plants, that was immediately collected on sterilized plastic foil under sterile conditions using 2 lL microcapillaries. Empty inserts were used for controls. Four replicates were conducted.
For each analysis, the same fibers were conditioned at 250°C for 1 h in a split-splitless injector before sampling. Volatile collections were performed at 25°C for 24 h. Desorption and GC-MS analyses were conducted on a Thermo Trace GC coupled with a Trace MS (Thermo Electron Corporation, Interscience, Louvain-la-Neuve, Belgium) equipped with an Optima 5 Accent (Macherey-Nagel, Düren, Germany) capillary column (30 m 9 0.25 mm I.D.; 0.25 lm film thickness) under the following conditions: splitless injector at 230°C; vector gas was helium, at a 1 mL/min flow rate; oven temperature program: 40°C held for 2 min, raised at 5°C/min to 150°C, then at 10°C/min to 210°C, and finally at 120°C/ min to 280°C held for 1 min; transfer line was at 250°C. Mass spectra were acquired at 70 eV on a mass range from m/z 35 to 450 amu and analyzed using the NIST05 and Wiley8 libraries. Identifications were confirmed either by comparison with retention times of synthetic standards (Sigma-Aldrich, Steinheim, Germany) or by determination of retention indices. The relative proportions of each of the identified components are expressed in percent of total sample-related peak area.
Choice tests with two-way olfactometer
The degree of attractive effect on ants was assessed for different samples by using a two-way olfactometer, consisting of a Y-shaped glass tube (diameter 1.5 cm, entrance length 20 cm; length of each arm 30 cm). Samples and controls were placed in 4-L glass jars. Filtered air was forced into the jars at 200 mL/min and delivered to the olfactometer's branches via Teflon Ò tubing. Ants were starved for 3 days prior to an assay. The olfactometer's entrance was placed in the ant's rearing box, allowing the insects to enter the system. Only one ant worker at a time was allowed in the olfactometer; the entrance was closed to prevent additional ants from entering after the first ant went in. For each tested ant, the following parameters were recorded: (1) the first branch it entered (initial orientation), (2) the choice, i.e., the branch selected to reach the end of the olfactometer arm and (3) the average linear speed while passing through the branch. The test ended when the ant reached a point located 25 cm from where the two arms branched (''choice point''). The linear speed was calculated by measuring the time spent to pass through an olfactometer branch and was expressed in cm/s. The attractiveness of a sample was expressed by the relative number of ants (%) choosing the particular sample side as their final choice.
All assays were conducted at 20°C in a dark-walled chamber presenting no visual cues that may influence ant choices. To prevent ants from laying trails, they were never allowed to reach the actual samples. Moreover, in order to palliate any potential bias induced by the environment or by any marking of the substrate by exploring ants, sample and control sides were switched every five ants. The olfactometer was completely cleaned every 20 ants.
Several sample-control couples were tested following this protocol (Table 1 ) and changed every 20 ants. The first group of samples included naturally occurring elements. The goal was to assess to what extent each element that characterizes an aphid-infested plant contributes to its global attractiveness to the ants, specifically, the aphids themselves, the attacked plant and the honeydew. Since those elements cannot be completely dissociated, assays have been conducted by successive elimination of each element in order to assess their relative impact on ants' attraction. The first sample was an aphid-infested plant (a pot holding nine V. faba infested by 50 A. fabae for three days); its attractiveness was compared to that of a healthy plant without aphids. The second sample was prepared similar to the first one, but all aphids were completely removed before the assay. The last sample consisted of only honeydew collected for 3 days from a heavily infested plant onto wet substrate (perlite/vermiculite 1:1) to avoid desiccation. In this case, the control was a clean pot of substrate with the same humidity.
The second group of samples included only bacterial cultures to assess the degree to which ants would be attracted to honeydew microflora. The first sample of this group was an 863 liquid culture medium, containing 20 g of glucose and 10 g of both yeast extract and casein peptone per liter of distilled water, inoculated with 20 lL of fresh honeydew collected as previously described and incubated for 2 days at 20°C. Sterile 863 medium was used as the control for this test. The second sample was the same medium inoculated solely with Staphylococcus xylosus, which is the only bacterial strain from A. fabae honeydew that was shown to have a significant attraction potential for the ants. This S. xylosus medium was incubated under the same conditions as the whole bacterial culture treatment, and the control was also sterile 863 culture medium. Sample volume for each test was 60 mL.
The significance of the ant preferences was assessed with binomial tests. Average linear speeds of ants in the two branches were compared, assay by assay, with t tests. Global mean speeds observed for naturally occurring samples were compared by Kruskal-Wallis tests, which were also used to assess significance in the bacterial culture sample studies. If no differences were observed within a group, values within a group were pooled for betweengroup comparisons using Kruskal-Wallis tests. Nonparametric tests were used when parametric assumptions were not observed. Differences were considered significant at p B 0.05. Statistical analyses were conducted using Minitab 15.1 (State College, PA, USA).
Isolation of honeydew microbial content
Several bacteria which may influence the attractive effect of honeydew were isolated. Collected Aphis fabae honeydew (20 lL) was diluted and plated on 868 agar medium (containing, per liter of distilled water, 17 g of agar and 10 g each of glucose, yeast extract and casein peptone).
Colonies were visible after 24 h of incubation at 25°C, and the strains were isolated on the same medium based on morphological growth characteristics. The isolated strains were screened for their relative attractiveness. In order to investigate the occurrence of additional fungal microorganisms potentially hidden by bacteria, the same process was repeated using chloramphenicol-treated plates. Chloramphenicol is a broadband antibiotic specific against bacteria but not fungi, thus leaving only the latter as potentially influencing attractiveness.
Screening of microbial attractiveness
Once isolated, strains were cultured at 25°C in 863 liquid medium. After 48 h, attractiveness was tested by the same olfactometry protocol. These preliminary screenings were run with 20 ants per bacterium. Significance of the observed attractions was assessed with binomial tests using Minitab 15.1 software.
Identification of the attractive bacterium
For bacterial identification, genomic DNA was extracted from cells grown at 20°C for 48 h on 868 agar plates using a Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions.
The 16S rRNA gene was PCR-amplified using the universal primers P0 (5 0 -GAA GAG TTT GAT CCT GGC TCA G-3 0 ) and P6 (5 0 -CTA CGG CTA CCT TGT TAC GA-3 0 ) (Ventura et al. 2001) . The PCRs were completed using 1x ReadyMix Taq PCR Reagent Mix (SigmaAldrich, St. Louis, MO, USA), 0.5 lM of each primer and *50 ng of genomic DNA as the template. The PCR program included a 5-min initial denaturation step at 95°C, followed by 26 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 2 min, and a final extension for 10 min at 72°C. The PCR product was purified using a GFX PCR DNA and Gel Band Kit (GE Healthcare, Buckinghamshire, UK), then sequenced using the Big Dye v3.1 Kit and an ABI 3730 DNA Analyzer (Applied Biosystems/Life Technology, Carlsbad, CA, USA) at the GIGA Center at the University of Liege. The same P0 and P6 primers were also used for sequencing. Electropherograms of both 16S gene strands were aligned, analyzed, and edited with BioEdit (version 5.0.9; Hall 1999) in order to determine the correct 16S sequence.
Strain identification was conducted by comparing the 16S rRNA gene sequence determined here with all those in the GenBank database, using BLASTN (Altschul et al. 1997) . The 16S sequence obtained here was deposited in the GenBank database under accession number KP668813.
In order to discriminate between the two identified Staphylococcus species, a diagnostic PCR was performed with primers that were specific for each of the two Staphylococcus species. Three PCR primer sets were used, one that was specific for S. saprophyticcus, (Blaiotta et al. 2003) , yielding a 899 bp fragment. The PCRs were prepared as described above, and the PCR program was the same as for amplification of the 16S rRNA gene, except that the elongation time was 1 min for the 899 bp fragment and 40 s for the two smaller fragments. The PCR products were resolved by electrophoresis on 1 % (w/v) agarose gels stained with 1 lg/ mL ethidium bromide.
Identification of S. xylosus origin
To determine whether S. xylosus is excreted with honeydew or already present in the aphid environment, the whole bodies of 20 A. fabae adults were surface-sterilized by dipping into 70 % ethanol for three minutes followed by washing in a sterile 9 g/L NaCl solution following the protocol proposed by Leroy et al. (2011a) . Surface-sterilized aphids were crushed under sterile conditions in the same solution [using a previously described method (Fischer and Lognay 2012) ], diluted and plated. Based on the morphology of the colonies, catalase activity and cell morphology, S. xylosus was isolated and its identification confirmed using API Ò Staph galleries (BioMérieux, Marcy l'Etoile, France).
Characterization of the S. xylosus VOC emission profile In order to determine the contribution of S. xylosus in the emission of honeydew volatile compounds, SPME and GC-MS analyses were performed on bacterial cultures using a protocol proposed by Leroy et al. (Leroy et al. 2011a ) and successfully applied to Acyrthosiphon pisum (Harris) bacteria VOC sampling ( Table 2) .
The bacterium was grown in 863 liquid culture medium at 20°C for 48 h. A 1 mL aliquot of the culture medium was placed in a 20-mL SPME vial. Control samples were 1 mL aliquots of sterile medium placed in similar vials. Volatile compounds were sampled by 10-mm DVB-CAR-PDMS SPME fibers (50/30 lm film thickness) (Supelco) for 3 h at 25°C. GC-MS analyses were conducted under the same conditions as previously described. Three replicates were analyzed.
Results
Aphid honeydew and ant attraction
Sixty-eight percent of the tested foragers were attracted by the complete infested plant system (host plant ? aphids ? honeydew; binomial test, n = 100, p \ 0.001) (Fig. 1) ; Relative proportions (% ± SEM; honeydew n = 4; cultures n = 3) of the volatile compounds collected by solid-phase microextraction and analyzed by gas chromatography-mass spectrometry a Data from Leroy et al. (2011a) Bacteria may enhance species association 227 64 % of tested ants were attracted to a broad bean plant covered with honeydew (binomial test, n = 100, p = 0.007). Finally, 64 % of the tested ants were attracted to honeydew alone (binomial test, n = 120, p = 0.002).
The attraction toward honeydew alone was not statistically different from the complete system (v 2 test, p = 0.391). While no ant reversed course and tried to leave the olfactometer once they were inside, there were a few that changed their initial choice (Fig. 1) . The proportion of ants that altered their choices appears to be higher for ants initially choosing the control side. During all those assays, ants' mean speed was monitored in both branches of the olfactometer (Fig. 1) . No significant differences in speed were observed between sample and control branches within a test (t test, all p [ 0.440), nor between the three tests described above (Kruskal-Wallis test, p = 0.187).
Attractiveness of honeydew: the role of microorganisms
The biological effects of microbial VOCs (mVOCs) produced by honeydew bacteria were tested using the same olfactometer. Liquid 863 culture medium inoculated with freshly collected honeydew attracted a significantly higher number of ants, with 78 % of the ant foragers following the sample branch (binomial test, n = 60, p \ 0.001) (Fig. 1 ). Microbes were the only possible emitters of attractive VOCs since the control sample was sterile 863 culture medium inoculated with honeydew filtered through 0.2-lm membrane filters. It is highly unlikely, therefore, that honeydew enzymes would have played a role in attracting the ants.
Once in the olfactometer, some ants left the system before reaching the end. The proportion of exiting ants appears higher for the control (11 %) than for the sample (4 %) branch. Moreover, as previously observed, the proportion of ants changing their choices appeared higher when the ants initially started down the control arm (36 vs. 7 %). Compared to the earlier experiments, the average linear speed achieved by the ants decreased significantly (Kruskal-Wallis test, p \ 0.001), which is due to a more sinuous route in the olfactometer with more brief stops.
b Fig. 1 Behavioral response of L. niger foragers to aphid-related VOCs. Five preference tests of L. niger foragers in a two-way olfactometer presented with VOCs originating from (1) A. fabae infested plants (n = 100), (2) infested plants with aphids just removed (n = 100), (3) A. fabae honeydew (n = 120), (4) 863 medium inoculated with all honeydew microflora (n = 60) or (5) 863 medium inoculated with only S. xylosus (n = 60). Controls for these five treatments were (treatments 1 and 2) healthy plants, (treatment 3) sterile wet culture substrate (perlite/vermiculite 1:1), and (treatments 4 and 5) sterile 863 medium. 1 Ants that choose either the sample or control branches as their final destination in the olfactometer (%). 2 and 3 Relative number of ants changing their initial choice (%) and leaving the olfactometer (%), respectively. 4 Linear speed (cm/s, X ± SEM) of ants in each olfactometer branch. ** and *** indicate significant differences from the control at p \ 0.01 and p \ 0.001, respectively. ns not significantly different (p [ 0.05) However, there remained no significant difference between control and sample sides (t test, p = 0.442).
Further behavioral assays performed with S. xylosus (as discussed in the next paragraph), and conducted using the same protocol as previously described, confirmed the attractiveness of this bacterium found in honeydew. Indeed, 75 % of tested ants showed an attraction to the bacterium (n = 60, binomial test, p \ 0.001). Tendencies observed with the honeydew-inoculated medium remained the same. However, the cases where ants reversed course still occurred more frequently when ants initially chose the control branch. Average linear speeds toward the bacterial samples were not statistically different (Kruskal-Wallis test, p = 0.275), but were slower than the speeds exhibited by ants moving toward the complete infested plant system and its components (first three tests described above) (Kruskal-Wallis test, p \ 0.001). In addition to a slower (although not statistically slower) speed, ants were apparently more hesitant, with more brief stops. This speed remained equivalent for both branches of each assay (t test, all p [ 0.360).
Identification and origin of attractive bacteria identified from honeydew
Six morphologically different bacteria were isolated from honeydew on 868 culture media. Yeasts and fungi were not present on this medium, either before or after adding the broadband antibacterial chloramphenicol.
Preliminary attraction potential screening showed a significant attractiveness for ''bacterium 4'' only (binomial test, p \ 0.001) (Fig. 2) , with 90 % of ants attracted. That bacterium, found at a concentration of 2 9 10 5 CFU/mL of honeydew, was identified as Staphylococcus sp. (potentially saprophyticcus or xylosus) by 16S ribosomal RNA sequences based on 100 % nucleotide sequence identity with these two species over a 100 % sequence coverage. The diagnostic PCR amplification was negative with the S. saprophyticcus-specific primers and positive with the two sets of S. xylosus-specific primers, confirming that the isolated strain was S. xylosus.
The occurrence of the bacterium in surface-sterilized aphid bodies was demonstrated by an API Staph test (BioMérieux) after isolation of the strain.
Origin of the honeydew attractive VOCs
Twenty-two volatile chemicals, including ketones, esters, alcohols, aldehydes and acids, were identified from freshly collected honeydew (Table 2) . Most of them were also detected in S. xylosus cultures and were similar to the mVOCs produced by S. sciuri, an A. pisum bacterium (Leroy et al. 2011a) (Table 2) .
Discussion
Honeydew is the keystone factor leading to ant-aphid partnerships, strongly influencing the relationship through its composition and abundance Kiss 1981; Völkl et al. 1999; Way 1963) . The data presented here represent the first evidence of a distant attraction of ants that is driven by aphid honeydew and mediated by the associated microflora through release of VOCs, in laboratory conditions. Even though mVOCs emitted from honeydew have been reported to attract aphid enemies (Leroy et al. 2011a) , the potential extent of their role in ant-aphid mutualism was unexpected. Indeed, when considering the plant-aphid-honeydew system, neither the removal of plants nor the aphids themselves significantly influenced ant behavior. Honeydew VOCs alone have the same biological effects as the complete system (Fig. 1) . However, previous studies have shown an effect from diverse concentrations of E-b-farnesene (EBF), an aphid pheromone, on ant's social behavior (Nault et al. 1976; Verheggen et al. 2012 ). In combination with our results, this suggests either that VOCs emitted by the aphid itself (EBF) present a relatively low attractiveness for the ants compared to honeydew or that their effect is not additive with that of the honeydew, honeydew alone being able to elicit the entire response.
Honeydew-inoculated, as well as S. xylosus-inoculated, culture media remained attractive, confirming the high importance of honeydew microorganisms.
When comparing results from behavioral assays, two groups can be distinguished: one composed of naturally occurring samples (the aphid-infested plant and its separate components), and one comprised of bacterial cultures (Fig. 1) . While attractiveness remains constant throughout all assays, for the last group the number of ants leaving the initially selected branch was higher and their average speed was lower. Those results suggested a reduction in the efficiency of ant attraction which is likely a result from the differences of VOC profiles observed between honeydew and bacterial cultures (Table 2) , which probably originates from the differences between those two groups in terms of bacterial growth conditions. When isolated from A. fabae honeydew microflora and from surface-sterilized aphids, S. xylosus emits a mVOC pattern qualitatively similar to that produced by genuine honeydew excreted by A.fabae colonies or to that emitted by cultures of S. sciuri ( Table 2 ). The latter, isolated from the non-myrmecophilous pea aphid Acyrtosiphon pisum and closely related to S. xylosus, is known to release mVOCs which guide hoverflies toward their aphid prey (Leroy et al. 2011a) . Of the 10 compounds described by these authors, nine have also been found in S. xylosus mVOCs, and 10 new compounds have been identified for the latter species (Table 2) . Several of them have been found in diverse glands of various ant species, mostly Myrmicinae. The identified compounds include propanone (Attygalle et al. 1983 ) and 2-methyl and 3-methlybutanoic acid (Wood et al. 2002) , which have been found in Dufour glands as well as in mandibular glands (Cammaerts et al. 1981; Wood et al. 2011) . These glands have also been found to contain 3-methyl-1-butanol, butanoic acid (Wood et al. 2002) and phenylethanol (Wood et al. 2011) , the latter having also been found in poison glands, along with 2, 5-dimethylpyrazine; phenylethanol is involved in recruitment ant trail laying (Attygalle and Morgan 1984; Liu and Liu 2002; Plowes et al. 2014) . Benzaldehyde has been found in pygidial glands (Hölldobler et al. 2013) . However, none of these compounds have previously been found in the genus Lasius, nor identified as semiochemicals for this genus. Aphid gut microflora is partially acquired during probing by the insect on the host leaf surface or feeding in vascular tissues. Bacteria are able to pass through the stylets' food canal, colonize the luminal surface of intestinal epithelia, and be partially excreted in honeydew (Davidson et al. 2000; Grenier et al. 1994; Harada and Ishikawa 1997; Leroy et al. 2011a ). Since honeydew had been collected in sterile conditions immediately after its excretion, S. xylosus, found at a concentration of 2 9 10 5 CFU/mL of fresh honeydew, can be considered a host-associated bacterium excreted by the aphid rather than a bacterium colonizing honeydew after its excretion. Staphylococcus xylosus has been found in surface-sterilized aphids following a protocol proposed by Leroy et al. (2011a) , thus confirming the host origin of this bacterium. Moreover, S. xylosus is a quite ubiquitous species, found in various natural environments like soil, beach sand, water, grass and the skin of cattle and birds (Kloos 1980) . Aphids are likely hosts of this bacterium, which is probably acquired during probing (Haynes et al. 2003) . Aphid physical and biochemical mechanisms, as well as the composition of honeydew, could be effective filters, allowing only a few bacterial taxa to develop and colonize the gut; similar to what occurs for yeasts in flower nectar (Herrera et al. 2010 ). This kind of partner selection is based on the microbes' abilities to survive in this rather hostile environment (high osmotic pressure, low oxygen, antimicrobial compounds produced by the host) and on the affinity of the microorganism for its host (Á lvarez-Pérez et al. 2012; González-Teuber and Heil 2010; Herrera et al. 2010; Kirzinger and Stavrinides 2012) .
The volatile compounds identified from plain honeydew or honeydew-isolated bacteria probably originate from degradation processes and/or modifications of sugars and amino acids of the substrate. It has been shown that direct modifications, especially those made by Staphylococcus sp. on several amino acids such as leucine, isoleucine and valine, can produce a whole set of C4 and C5 components with different chemical functions, from aldehydes to their corresponding alcohols, acids and esters (Schulz and Dickschat 2007; Thibout et al. 1993) . This would explain the origin of most identified non-cyclic compounds reported in Table 2 . For example, this pathway is probably responsible for the production of 2-methylbutanal and 3-methylbutanal, as well as their corresponding alcohols (2-methyl-1-butanol and 3-methyl-1-butanol) and acids (2-methylbutanoic acid and 3-methylbutanoic acid). Also synthesized by S. sciuri isolated from the aphid A. pisum, these last two compounds are known to attract and induce egg-laying by the aphid predator hoverfly Episyrphus balteatus (Leroy et al. 2011a) . They may also be potentially involved in ant attraction, as other species use them to signal the presence of aphids. In situations of amino acid scarcity, which is the case for honeydew, S. xylosus is also able to form acids from glucose via another biosynthetic pathway involving pyruvate (Beck et al. 2004) . Aromatic compounds, like benzeneethanol, are produced by degradation of aromatic amino acids. Along with 3-hydroxy-2-butanone, 2,3-butanedione and 3-methyl-3-buten-1-ol, these are typical fermentation-associated substances (Leroy et al. 2011a; Schulz and Dickschat 2007; Thibout et al. 1993) . Therefore, despite widespread distribution in the environment, S. xylosus remains a specific indicator of honeydew presence through its mVOC emissions modulated by the growth substrate.
The ability to associate these mVOC patterns and quantities with potential aphid partners is likely to aid ant scouts by providing information about the aphid species, their location and productivity through the amount of mVOCs and the modifications of mVOC patterns of aging honeydew.
Ant scouts may then exploit this information to refine their search patterns and selection of new aphid partners.
Many widespread cases of mutualism are based on the ability of one partner to produce sugar-rich secretions, exploited by the other. For example, nectaries-bearing plants attract ants and thus enhance their protection against other insects (González-Teuber and Heil 2010) and flowers that are rich in nectar attract various pollinators (e.g., insects, birds and small mammals). Sugary secretions, like nectars, also constitute a suitable growth medium for diverse microorganisms. Indeed, yeasts and bacteria have been repeatedly isolated from the nectar of flowers pollinated by various organisms including insects, birds and small mammals (Á lvarez-Pérez et al. 2012; Herrera et al. 2009; Vannette et al. 2013; Wiens et al. 2008) . Microbial presence alters the composition of the nectar and can modify its VOC production, thus influencing pollination. Effects on the plant (e.g., sugar modification, ethanol production) are either positive or negative for the relationship, depending on the extent of these modifications, the microorganisms involved and the pollinators considered (Herrera et al. 2008 (Herrera et al. , 2009 Vannette et al. 2013; Wiens et al. 2008) . While yeasts do not seem to be detrimental for plant-pollinator mutualisms at low infestation levels, bacteria are able to weaken these relationships (Vannette et al. 2013) .
The data presented here indicated that honeydew, apart from serving as a source of nutrients, contains certain microbes that are attractive to ants. This first evidence of the influence of microbes in ant-aphid mutualism contributes to an altered perspective of the importance of bacterial volatiles in animal interactions. Microorganisms can impact mutualistic relationships through both direct substrate modifications as well as through emissions of volatile compounds. These results emphasize the importance of investigating the presence and potential effects of microbes in insect symbioses.
